Evidence indicates that central regulation of food intake is well conserved along the vertebrate lineage, at least between teleost fish and mammals. However, several differences arise in the comparison between both groups. In this review, we describe similarities and differences between teleost fish and mammals on an evolutionary perspective. We focussed on the existing knowledge of specific fish features conditioning food intake, anatomical homologies and analogies between both groups as well as the main signalling pathways of neuroendocrine and metabolic nature involved in the homeostatic and hedonic central regulation of food intake.
Introduction
Fish are the most diversified group of vertebrates with 33,700 species identified so far (www.fishbase.org), of which 95% are teleosts comprising half of all known vertebrate species (Nelson 2006 ). Fish show a remarkable level of diversity in terms of anatomy, ecology, behaviour and genome (Wooton 1990 , Gerking 1994 , Volff 2004 , which makes them attractive for the study of evolution of appetite-regulating systems in vertebrates (Volkoff et al. 2009 ).
The first teleosts appeared approx. 310 mya after evolving from the first actinopterygii approx. 400 mya. Such a long time evolution resulted in a quite heterogeneous group. To help readers non-familiar with teleost fish, a comprised phylogeny of teleosts describing main groups from available literature (Near et al. 2012 , Betancur et al. 2013 ) is shown in Fig. 1 , and this can be useful to place the different fish species for which information is available. Evidence indicates that the regulation of food intake is well conserved along the vertebrate lineage, at least between teleosts and mammals (Volkoff 2016 ). However, several differences arise in the comparison between both groups. In the following sections, we aimed to describe them from an evolutionary perspective. Readers interested in a detailed description of mechanisms are redirected to recent reviews on these topics (Volkoff 2016 , Ronnestad et al. 2017 , van de Pol et al. 2017 .
identical. In some cases, these differences relate to the limited available studies in fish. In most cases, however, the large number of fish species, habitats, feeding habits and gastrointestinal tract (GIT) anatomy and physiology, as well as a number of intrinsic and extrinsic factors affecting feeding behaviour and physiology result in clear fish-specific features (Hoskins & Volkoff 2012) .
Anatomical differences between mammals and fish include brain and GIT morphologies as well as the existence in fishes of specific organs not present in mammals (urophysis and Stannius corpuscles for instance) (Volkoff et al. 2009 ). Anatomical and functional differences occur within fish species. For instance, fishes feeding habits range from herbivore to carnivore, and this results in a wide variety of GIT morphology and hormone profiles (Olsson 2011) . Carnivores and omnivores have stomach, pyloric caeca and relatively short and straight intestines, whereas herbivores and detritivores may lack Schematic overview showing phylogeny of the infraclass teleostei (teleost fish) based on Near et al. (2012) with Percomorpha described in detail on the right. The species studied so far on any aspect of food intake regulation (see Volkoff 2016 , Ronnestad et al. 2017 , van de Pol et al. 2017 belong to the groups denoted with a pathenthesis as follows. (1) Anguilliformes: Japanese eel (Anguilla japonica).
(2) Osteoglossiformes: Elephant fish (Callorhinchus milii). (3) Clupei: Tapertal anchovy (Colia nasus). (4) Anatophysa: milkfish (Chanos chanos). (5) Cypriniformes: common carp (Cyprinus carpio), goldfish (Carassius auratus), ya fish (Schizothorax prenanti), zebrafish (Danio rerio), grass carp (Ctenopharyngodon idellus), blunt snout bream (Megalobrama ambycephalus), tench (Tinca tinca), bunnei (Barbus sharpeyi), gibel carp (Carassius auratus gibelio) topmouth culter (Culter alburnus). (6) Characiformes: blind cavefish (Astynnax mexicanus), red-bellied piranha (Pygocentrus natterei), dourado (Salminus brasilensis), pacu (Piaractus mesopotamicus), pirapitinga (Piaractus brachypomus), black tetra (Gymnocoimbus ternetzi). (7) Gymnotiformes: electric fish (Eigenmannia viescens). (8) Siluriformes: African sharptoothcatfish (Clarias gariepinus), walking catfish (Clarias batrachus), channel catfish (Ictalurus punctatus), yellow catfish (Palteobagrus fulvidraco). (9) Salmoniformes: Atlantic salmon (Salmo salar), Arctic charr (Salvelinus alpinus), coho salmon (Oncorhynchus kisutch), rainbow trout (Oncorhynchus mykiss), brown trout (Salmo trutta), chinook salmon (Oncorhynchus tshawytscha). (10) Gadiformes: Atlantic cod (Gadus morhua), burbot (Lota lota). both stomach and caeca and have long intestines (Leknes 2015) . Different diets and GIT also translate into different digestive enzyme profiles and different methods of nutrient storage (Day et al. 2011) .
Fishes do not expend energy to maintain a constant body temperature and require less energy for the excretion of waste nitrogenous products resulting in lower metabolic rates (van de Pol et al. 2017) . The growth of many fish species is indeterminate (Volkoff et al. 2009 ) in contrast with the finite growth in mammals. Fish experience periods of food deprivation much more frequently and with more duration than mammals due to seasonal changes, reproduction or aquaculture practices (Ronnestad et al. 2017) , and metabolism is adapted to those changes (Navarro & Gutiérrez 1995) . Furthermore, many fish species, including several of the best known models, are carnivores, which is in contrast with the mammalian models studied so far (almost all of them omnivores/herbivores). Accordingly, several of the differences in food intake regulation might relate to the higher metabolic importance in fish of protein and lipids compared with carbohydrates .
Major differences in the structure and function of appetite-related hormones exist between mammals and fish. For example, sequences were highly conserved for neuropeptide Y (NPY) but not for leptin (Hoskins & Volkoff 2012 ). Furthermore, fish experienced an extra round of genome duplication compared with mammals (Meyer & van de Peer 2005) resulting in multiple isoforms of neuropeptides, carriers, receptors, enzymes, etc. Accordingly, different functions may be attributed to different isoforms in fish compared with mammals (Volkoff 2016) . This is further complicated in some of the most studied groups of fish, such as cyprinids and salmonids, which underwent an additional round of genome duplication (Pasquier et al. 2016) .
Feeding behaviour is highly influenced by environmental factors including temperature, hypoxia, light regime and wavelength, photoperiod or salinity among others , van de Pol et al. 2017 ). Furthermore, some of these factors change in a rhythmic fashion, and this affects feeding directly through seasonal and circadian rhythms (Kulczykowska & Sánchez-Vázquez 2010) or indirectly through rhythms in endocrine systems (Cowan et al. 2017 . Stocking density directly influences fish feeding, and this is extremely important in aquaculture (Boujard et al. 2002 , Paspatis et al. 2003 . Several fish species have an aggressive behaviour resulting in the presence of dominant and subordinate individuals displaying important differences in feeding behaviour between them (Ronnestad et al. 2017) .
Finally, it is important to mention a methodological issue when comparing food intake measurements in fish vs those carried out in mammals. In mammals, food intake is usually measured under demand with animal having access to food ad libitum. In contrast, in most available studies in teleosts a pre-weighed amount of food is provided to the ambient water and after a period of time is removed and weighed, which cannot be considered truly demand-feeding since access to feed is time limited. Only those studies where fish operate a demand-feeding system (Geurden et al. 2007 , Rubio et al. 2008 , Leal et al. 2009 , Attia et al. 2012 , Klaren et al. 2013 are strictly comparable to those carried out in mammals.
Fish brain regions involved in food intake regulation: analogies and homologies
Neuronal circuits controlling survival-orientated behaviors, like feeding, are under selective pressure and finely regulated by a central circuitry that guarantees functional viability of the system. These neuronal circuits exhibit a high degree of redundancy ensuring the regulation of peripheral energy demands and animal survival. This entails certain experimental difficulties because of the compensatory responses of the neuronal circuits regulating food intake.
This selective pressure suggests an evolutionary conservation of mechanisms and neuronal pathways involved in the regulation of food intake. Unfortunately, the topology of the actinopterygian brain differs from that of non-actinopterygian vertebrates because of the differences in the embryonic development. During the first steps of development, in most vertebrates, the telencephalon develops through the process of evagination that involves the protrusion and expansion of the lumen of neural tube to form the telencephalic ventricles. In rayfinned fish, the roof of the neural tube extends laterally so that the paired dorsal regions move lateroventrally in the so-called process of eversion ( Fig. 2 ). Such disparity leads to errors when making topographical comparisons and makes it difficult to find homologies between the brain structures of ray-finned fish and other vertebrates. As a result, a specific nomenclature was proposed (Nieuwenhuys 1959 , Northcutt & Davis 1983 and putative homologous areas must fulfil three key criteria (Mueller & Wullimann 2009 ), such as (i) embryonic topology, (ii) developmental history (shared expression patterns of regulatory genes) and (iii) neuronal phenotype in adults.
Additional information on connectivity patterns and/or physiological function can support developmental and molecular data but not refute them since homology should not be dependent on function (Mueller & Wullimann 2009 ). Therefore, the search of homologies has focussed mainly on forebrain and particularly telencephalic areas because of topological challenges (Wulliman & Mueller 2004 , Mueller & Wullimann 2009 , Goodson & Kingsbury 2013 . The dorsal and ventral regions (Dld + Dlv) of the medial pallium (Mueller 2012) comprise the homologue region of the hippocampal formation (Ganz et al. 2014) that is essential for spatial cognition and memory (Rodríguez et al. 2002) . The ventral pallium (VM, Mueller 2011) or medial region of the dorsal telencephalon (Dm) contains the homologue of the pallial amygdala that plays an important role in emotional behaviours (Ganz et al. 2014) . Targeted lesions of Dm disrupt aggressive, reproductive and parental behaviour, whereas electrical stimulation induces arousal and escape/defensive responses (Salas et al. 2006 ). In addition, lesions of Dm impair the retention of avoidance behaviour in goldfish (Portavella et al. 2004 ). More caudally, the posterior area of the dorsal telencephalon (Dp) contains a high number of olfactory projections resembling the lateral pallium of other vertebrates or piriform cortex in mammals (Mueller & Wullimann 2009) . At the subpallial level, the dorsal part of the ventral telencephalon (Vd) together with the central region (Vc) seem to be homologue of the basal ganglia, whereas the ventral part of the ventral telencephalon (Vv) contains the homologue of the septum (Mueller & Wullimann 2009 , Ganz et al. 2012 , Bshary et al. 2014 . At the postcommissural level, the supracommissural (Vs) and postcommissural (Vp) parts of the ventral telencephalon contain the homologue of subpallial amygdala (Biechl et al. 2017) and the bed nucleus of the stria medullaris (BNSM) is placed ventrolateratelly in close proximity to the lateral forebrain bundle at the level of posterior commissure (Mueller & Guo 2009 ). Furthermore, recent studies (Biechl et al. 2017 ) identified a new area in the caudal region of the ventral telencephalon in fish called the intermediate nucleus of the ventral telencephalon (Vi), homologue of the medial amygdala and involved in the odour recognition in zebrafish.
In mammals, the pallial and subpallial structures host reward systems that potentiate or reduce the motivation to eat. Dopaminergic projections from ventral tegmental area (VTA) to the nucleus accumbens (NAc) in the ventral striatum, hippocampus, amygdala and cortex prefrontal as well as projections form substantia nigra (SN) to the dorsal striatum/caudoputamen (CPu) promote rewardrelated activities and are essential for feeding (Szczypka et al. 1999 (Szczypka et al. , 2001 . Dopamine release emphasizes relevant environmental information but suppresses minor signals focusing the attention of the animal on significant stimuli. Food or its indicators increase firing rate in dopamine neurons converging the attention of the animals on food cues (Palmiter 2007) . In the absence of dopamine, most stimuli are overlooked and animals become hypoactive, apathetic and aphagic and die because of starvation (Zhou & Palmiter 1995) . Starvation in dopamine-deficient mice relates to the lack of pleasure associated with eating (anhedonia, Palmiter 2007) . Dopamine signalling rescue in the dorsal striatum (caudoputamen) but not in the ventral striatum (nucleus accumbens) restores feeding levels in dopamine-deficient mice despite both areas being involved in restoring the preference for palatable diets (Szczypka et al. 2001) . Subsequent studies demonstrated that rescue of dopamine production in the SN pars compacta also restored feeding levels and food preference in dopaminedeficient mice thus highlighting the importance of the SN-CPu pathway in the motivational regulation of feeding behaviour (Hnasko et al. 2006) . Although the ascending dopaminergic subsystems to the striatum (mesostriatal mesolimbic and mesocortical) have been tentatively identified in teleosts (Rink & Wullimann 2001 , no studies regarding goal-directed feeding behaviour have been reported. The periventricular nucleus of posterior tuberculum (Tpp) might be homologous to VTA, whereas the nucleus of the posterior tubercle (NPT) seems to be the SNc homologue (Meredith & Smeets 1987) .
The hypothalamus is a critical region involved in homeostatic regulation of energy balance in vertebrates (Berthoud 2002) but highly variable among anamniota, and again, it is difficult to homologize many of the nuclei across gnathostomes (Norhcutt 1995) . Studies focusing on homology of hypothalamic areas controlling energy balance in fish are scarce and weakly inferred according to neuronal phenotype, connectivity patterns and/or lesion studies. The hypothalamic inferior lobe, particularly areas closed to the hypothalamic lateral recess, as well as the ventro-posterior hypothalamus, are involved in the control of food intake (Demski & Knigge 1971) . The latter areas form a hypothalamic centre in which food intake is modified according to visceral and sensorial incoming information (Demski 2012) . The hypothalamic inferior lobes form a prominent paired structure on the ventral side of the teleostean brain that seems to be an apomorphic structure with no equivalent in mammalian brain (Northcutt 1995) . Electrical stimulation in the region surrounding the hypothalamic lateral recess of the inferior lobe induces a feeding and aggressive response in bluegill (Lepomis machrochirus; Demski & Knigge 1971) . The inferior lobe is integrated within the topology of the gustatory, visual and auditory systems of the goldfish brain and is thought to be a multisensory integration centre (Rink & Wulliman 1998) . Therefore, the inferior lobe likely plays an important role integrating sensory information and possibly releasing an orchestrated feeding response.
The periventricular region of the fish tuberal hypothalamus is filled by neurons of the lateral tuberal nucleus (NLTd + NLTv) or dorsal hypothalamus (Hd + Hv) (Wullimann et al. 1996) . Phenotypic and connectivity data suggest that the NLTv is the teleostean homologue of the mammalian arcuate nucleus (ARC) (Cerdá-Reverter et al. 2000a ,b, 2003a , a key area for the control of food intake in mammalian species (Waterson & Horvath 2015) . ARC neurons are the only neurons producing agoutirelated peptide (AgRP) in mice brain (Bangol et al. 1999) thus providing an excellent deterministic clue of the ARC. Many of the AgRP neurons in the ARC are GABAergic (Horvath et al. 1997) , coexpress NPY (Hahn et al. 1998) and regulate the activity of the cocaine and amphetaminerelated transcript (CART)/pro-opio melanoncortin (POMC) neurons in the ARC (Cowley et al. 2001) . Ventral neurons of the NLT/H are the only neurons synthesizing AgRP in fish brain and respond to fasting by increasing AgRP mRNA abundance (Cerdá-Reverter & Peter 2003 , Agulleiro et al. 2014 . Although there are no available studies on NPY/AgRP colocalization in fish yet, NLTv neurons in sea bass produce NPY (Cerdá-Reverter et al. 2000a,b) , thus providing phenotypical evidence of the NLTv/ARC homology. This phenotypical/functional homology is supported by the production of the central melanocortin peptides. In rodents, POMC is exclusively expressed in the ARC and the nucleus of the tractus solitarius (NTS) of the brainstem (Bangol et al. 1999) . Studies in fish demonstrated that POMC is also expressed in the completely rostro-caudal extension of the NLT reaching the caudal tuberal hypothalamus of several species (Cerdá-Reverter et al. 2003b ), but no expression was found in the vagal lobe (VLo), the fish homologue of the NTS (Yáñez et al. 2017) . In rodents, the POMC/CART neurons are activated by leptin (Elias et al. 1989) . Again, there are no studies showing CART/POMC colocalization in fish but CART peptides are found in fish NLT (Akash et al. 2014) . Intrahypothalamic ARC projections constitute an intricate hypothalamic network for the control of a variety of homeostatic processes including central regulation of energy balance. ARC provides inputs to nearly the entire periventricular zone of the hypothalamus including the ventral (VMH) and dorsal medial nucleus (DMH), the paraventricular nucleus (PVN), the lateral (LH) and the perifornical hypothalamus (PH) (Bouret et al. 2004 ). The projection ARC/PVN is critical for the control of energy since physical disruption of ARC/PVN connections results in increased food intake and obesity (Bell et al. 2000) . The AgRP/NPY neurons provide innervation to the PVN where the melanocortin 4 receptor (MC4R) is constitutively activated (Ghamari-Langroudi et al. 2011) . In fish, POMC and AgRP neurons profusely project to the anterior part (PPa) and magnocellular subdivision of the preoptic area (POA) in zebrafish (Forlano & Cone 2007) and sea bass (Agulleiro et al. 2014 ). In addition, MC4R is also abundantly expressed in the POA of goldfish and sea bass (Cerdá-Reverter et al. 2003a ,b, Sánchez et al. 2009 ). The arrangement of transcription factor domains has allowed the precise delineation of POA in the zebrafish larval brain showing that the dorsal region or PM features typical neurosecretory cell types known to be located in the mammalian PVN. Therefore, phenotype, hodological and topographical data allow us to suggest that dorsal half POA is the homologous region of mammalian PVN, whereas the posterior region (PPp) might be the homologue of the supraoptic nucleus (Herget et al. 2014 , Herget & Ryu 2015 . Figure 3 displays the main telencephalic and hypothalamic regions of a typical mammal (mouse) and telelost fish (sea bass).
Neuroendocrine signalling

Homeostatic regulation
Multiple neuroendocrine systems have evolved to ensure a homeostatic energy supply in vertebrates. In fact, during the last three decades, a large number of laboratories have investigated neurotransmitters, neuropeptides and hormonal systems as elements involved in food intake regulation in fish (Volkoff 2016 , Ronnestad et al. 2017 ) and mammals (Rui 2013 , Rogers & Brunstrom 2016 , Heisler & Lam 2017 . We present a current picture of the functional crosstalk among neuroendocrine signals released from the brain and peripheral tissues in the context of homeostatic regulation of food intake ( Fig. 4 ).
An exquisite balance of food ingestion and expenditure accomplishes energy homeostasis over long periods. Feeding exhibits a major homeostatic core sustained by a dual component, a short-term (meal to meal) regulation of food intake mediated by central and peripheral signals and a long-term feedback regulation (days to months) modulated by stores and food availability over prolonged time periods. Both mechanisms need to function in concert to integrate energy intake and expenditure to ensure the maintenance of energy balance (Havel 2001, van showing the localization of the ventral subdivision of the lateral tuberal nucleus (NLTv) homologue to the mammalian arcuate nucleus. Mouse brain charts were obtained from interactive Allen's brain atlas (http:// www.brain-map.org/overview/index.html). Sea bass charts were modified from Cerdá-Reverter et al. (2000a,b Gorissen 2017). Overall, a plethora of hormonal, neural and metabolic inputs coordinated by the brain-gut axis controls alterations of energy intake and expenditure to meet a functional homeostasis.
In the short-term control, gastric satiation signals arise primarily from mechanical distention detected by mechanoreceptors that relay outputs via vagal and spinal sensory nerves to complex satiation circuits in the hypothalamus, which determines the ceasing of food intake (Cummings & Overduin 2007) . In fish lacking stomach, the intestinal bulb takes on this function. Intestinal satiation is mainly evoked by secretion of peptides from enteroendocrine cells in response to the presence of digestion products and metabolites, which can act as paracrine regulators and primary determinants of gut-brain satiety and as endocrine signals by direct actions on specific receptors located in hypothalamus and other brain areas (Heisler & Lam 2017) . A large number of endocrine signals highly conserved across the vertebrate lineage modulates food intake in this homeostatic shortterm circuit, and some of them are expressed in central locations, not only as part of this short-term homeostatic pathway but also as part of the hedonic pathway.
The long-term control of food intake in mammals is based on a negative feedback system involving communication of energy stores through adiposity signals to the brain. The main long-term adiposity hormones are insulin and leptin (Londraville et al. 2014 , Deck et al. 2017 , Hussain & Khan 2017 . Recently, this long-term modulation of satiety has been linked in mammals to the emerging role of gut microbiota in the stimulation of intestinal satiety pathways (Fetissov 2017) , but this interesting subject has not been studied yet in fish.
Short-term signalling from brain
In mammals, the hypothalamic ARC neurons that coexpress NPY/AgRP and the neurotransmitter γ-aminobutyric acid (GABA) stimulate appetite, whereas neurons that coexpress CART/POMC decrease appetite (Waterson & Horvath 2015) . These neurons respond rapidly to peripheral signals of metabolic or endocrine nature such as leptin, insulin and ghrelin (GHRL), among others (Loh et al. 2015) and relay the signals to other brain areas to coordinate the overall balance between food intake and energy expenditure. NPY, one of the most highly conserved neuropeptides through vertebrate phylogeny (Blomqvist et al. 1992) , is probably the most potent orexigenic signal in mammals (Mercer et al. 2011 ) and fish (López-Patiño et al. 1999 , Matsuda et al. 2012 . NPY is widely distributed in mammalian brain acting through Y1 receptor signalling pathway to stimulate feeding (Eva et al. 2006) . In fish, neurons and nerve fibres containing NPY-like immunoreactivity are also widely detected in the brain (Cerdá-Reverter & Larhammar 2000 , Matsuda et al. 2012 , and its orexigenic actions in many teleosts are mediated by Y1-and Y5-like receptors (de Pedro et al. 2000 , Narnaware & Peter 2002 . ARC NPY neurons are feeding centres interacting with a number of central appetite regulators of either orexigenic (CART, orexins, Kojima et al. 2009 , Mercer et al. 2011 , Volkoff 2016 or anorexigenic (melaninconcentrating hormone (MCH) Matsuda et al. 2009a) nature. These neurons integrate peripheral energy signals and hormones (GHRL, leptin and insulin) in mammals. In fact, NPY is a key mediator of orexigenic actions in both mammals and fish. NPY in mammals regulates energy utilization by enhancing storage in white adipose tissue, taking part of a hypothalamus-adipose tissue crosstalking (Zhang et al. 2014) . Whether a similar feedback loop exists in fish remains elusive, but results from food deprivation studies do not support such a role (Jørgensen et al. 2016) . Recent data suggest that NPY family and its receptors have various important functions beyond feeding regulation (Loh et al. 2015 ).
The melanocortin system, composed of peptides derived from POMC, their different receptor subtypes, endogenous antagonists (agouti signalling protein and AgRP) and accessory proteins emerged early in vertebrate evolution (Vastermark & Schiöth 2011 , Takahashi et al. 2016 . This system is involved in the central regulation of feeding in fish (Cerdá-Reverter et al. 2011 , Cal et al. 2017 . In mammals, the α-melanocyte-stimulating hormone (α-MSH, product of POMC) is an anorexigenic peptide that activates MC4R resulting in food intake inhibition (Loh et al. 2015) , while the antagonism of this receptor by AgRP exerts orexigenic actions (Rui 2013 , Sohn 2015 , Takeuchi 2016 . Studies in cyprinids and salmonids (Kojima et al. 2010 , Zhang et al. 2012 , Dalmolin et al. 2015 , Guillot et al. 2016 suggest that AgRP would counteract the basal inhibition of feeding induced by the melanocortin system (Kojima et al. 2010 , Zhang et al. 2012 , Dalmolin et al. 2015 , Guillot et al. 2016 .
Orexins are brain peptides that regulate food intake, among other physiological functions (Sakurai 2006) . The well-conserved sequences of orexins and their receptors from fish to mammals (Wong et al. 2011) , together with its broad distribution in brain areas related to food intake control (Volkoff et al. 1999 , Pitts & Volkoff 2017 ) support a high functional conservation of these peptides. Orexins show orexigenic actions early in vertebrate phylogeny. In fish, most functional studies were carried out in cyprinids, where stimulation of feeding behaviour (and interactions with other feeding regulators, as NPY and GHRL, Miura et al. 2007 ) is a general rule. However, this is not the case in other fish orders, such as perciforms, where orexins are involved in locomotor activity not feeding (Volkoff 2016) .
Many other brain neuropeptides regulate food intake in vertebrates, but their role is unclear in some cases. CART shows anorexigenic actions in mammals (Kuhar et al. 2002 , Hunter et al. 2004 , whereas in fish, the anorectic effect is species specific possibly due to the existence of several gene isoforms (Volkoff 2016 , Ronnestad et al. 2017 . The hypothalamic MCH exerts orexigenic actions in mammals mediated by α-MSH and orexin (Tritos & Maratos-Flier 1999 , Nahon 2006 , whereas in fish, its effect is dependent on the species assessed (Volkoff 2016) and seems to be affected by body colour for background adaptation (Matsuda et al. 2009b) . Galanin is a shortterm orexigenic peptide in mammals (Lang et al. 2015) expressed in brain and gut. In fish, central administration of galanin (de Pedro et al. 1995a ,b, Guijarro et al. 1999 , periprandrial changes of brain transcript and its induction by short-term fasting (Volkoff & Peter 2001 , Mensah et al. 2010 ) support an orexigenic role, at least in cyprinids. Finally, some members of the family of biologically active RFamide peptides (Chartrel et al. 2006) , present in all vertebrate phyla with a fully conserved biological active C-terminal domain, seem to be involved in the central control of food intake in fish (Liu et al. 2009 ) and mammals (Chartrel et al. 2011 ).
Sort-term signalling from GIT
Enteroendocrine cells represent the largest endocrine tissue in the organism and secrete a wide range of peptides affecting redundantly a variety of processes regulating food intake. By using mechanosensing and chemosensing mechanisms, gastrointestinal (GI) hormones are primary determinants of satiety and limit the size of individual meals to maintain an efficient digestion and absorption (Steenseles & Depoortere 2018). As a rule, they act as shortterm signals by influencing GIT motility and secretions, and by transmitting information locally in a paracrine fashion, and at central feeding centres via direct vagal afferent projections or through bloodstream (Cummings & Overduin 2007) . In mammals, at least 12 subtypes of enteroendocrine cells secrete more than 20 different peptides (Rehfeld 2004) . Thus, GHRL, gastrin-releasing peptide (GRP), cholecystokinin (CCK), glucagon-like peptide 1 (GLP-1), pancreatic polypeptide (PP), peptide tyrosine tyrosine (PYY) and oxyntomodulin, among others, have been implicated in appetite regulation (Cummings & Overduin 2007 , Sam et al. 2012 ). However, their roles were assessed partially in a limited number of fish species (Nelson & Sheridan 2006 , Volkoff 2016 .
Mostly secreted from the stomach, GHRL is the most potent peripherally produced peptide exerting a stimulatory effect on food intake in mammals. Feeding and nutritional status are the main factors regulating ghrelinergic system in mammals (Müller et al. 2015) and in some teleosts (Blanco et al. 2016) . The orexigenic action of GHRL is observed in some fish species (Riley et al. 2005 , Unniappan & Peter 2005 , Tinoco et al. 2014a , Velasco et al. 2016a ), but not always in others (Jönsson 2013) , and the recent identification of divergent GHRL receptors in teleosts (Tine et al. 2016) might underpin such variability. The orexigenic effects of GHRL are mainly mediated by the activation of glutamatergic afferents onto ARC NPY/AgRP neurons in rodents (Loh et al. 2015 , Sohn 2015 , Heisler & Lam 2017 . In fish, not only orexigenic signals (NPY and orexin, Miura et al. 2006 Miura et al. , 2007 , but also anorexigenic central (corticotrophin-releasing factor, CRF, Jönsson et al. 2010) and enteric (CCK, PYY and GLP-1, Blanco et al. 2017) signals are implicated.
As indicated earlier, gastric satiation signals arise primarily from mechanical distention, but the presence of food-derived chemicals in the luminal gut is also a potent satiation signal. Fat and small peptides from digestion induce the release of CCK (Moran & Kinzig 2004) , a peptide also produced in mammalian hypothalamus during feeding (Beinfeld 1983) . Both central and enteric CCK reduce meal size by activation of central (CCK2R) and gut (CCK1R) receptor subtypes in mammals (Schneeman 2004) . In fish, the well-conserved isoform CCK-8 reduces food intake (Himick & Peter 1994) and CCK mRNA levels increase postprandially (Peyon et al. 1999 , Ji et al. 2015 . Part of the anorexigenic effect of CCK may result from the inhibition of gastric emptying in mammals (Cummings & Overduin 2007) and fish (Tinoco et al. 2015) , but additional mechanisms are involved. For example, a synergistic interaction with long-term adiposity signals (leptin or insulin) might occur in mammals (Morton et al. 2006 ) and fish (Volkoff et al. 2003) .
Proglucagon-derived peptides (glucagon, glicentin, oxyntomodulin and GLP) produced by enteroendocrine cells act as satiety factors in mammals through a network of central and peripheral targets (Sandoval & D'Alessio 2015), but scarce information exists regarding this role in fish. Possible modulatory roles among enteric peptides have recently been suggested in fish, e.g. GHRL interacts with some of these proglucagon-derived peptides , in support of the actions of these peptides on the regulation of energy homeostasis (Mommsen & Moon 1989 , Mojsov 2000 , Polakof et al. 2011a ).
Finally, some GI fatty acid ethanolamines, structural analogues of the endocannabinoids, as oleoylethanolamide (OEA) induces satiety in mammals (Fu et al. 2003 ) and goldfish (Tinoco et al. 2014b) , where it is involved in the regulation of liver lipid and glucose metabolism ). In the rat, OEA modulates feeding by prolonging the time interval between meals rather than meal size .
Long-term signalling
The pathways described earlier relaying short-term neuroendocrine signals from the gut to the brain interact with long-term signals that modulate the sensitivity of vagal and hindbrain responses to GIT satiation signalling (Cummings & Overduin 2007) . The long-term signals in mammals are primarily humoral, adiposity hormones acting in the brain to regulate short-term food intake and, at the end, achieve long-term energy balance (Yamada et al. 2006) . Then, the link between adiposity and food intake in mammals hinges on a negative feedback system using adiposity signals to communicate fat stores to the brain (Fig. 4) .
In mammals, adipose tissue is the main long-term energy store, and a variety of hormones are produced in the adipocytes, such as leptin (Morris & Rui 2009 ), which is considered as a lipostat or circulating indicator of nutritional status. Leptin is the key long-term satiety signal in mammals, but it can also be considered as an allostatic hormone relating energy status to adaptive responses of multiple physiological systems in vertebrates, including fish (Copeland et al. 2011 , Friedman 2014 . Leptin in mammals provides information on total energy stored, reduces food intake by inhibiting orexigenic NPY/AgRP and stimulating anorexigenic POMC/CART neurons in ARC and by stimulation of energy expenditure (Morrison 2005 , Ahima 2006 ). Therefore, leptin in mammals restores energy balance under energy surplus conditions (Schneeberger et al. 2014 , Hussain & Khan 2017 .
However, published data in fish do not support such lipostatic role of leptin, whose origin is not the adipose tissue but the liver. Leptin levels rise postprandially and reduce food intake in some teleosts (de Pedro et al. 2006 , Won et al. 2012 ). However, diverse and inconsistent responses to fasting/adiposity are reported (Jørgensen et al. 2016 , Volkoff 2016 , and no changes in adiposity were observed in leptin receptor-deficient zebrafish (Michel et al. 2016) . Although tertiary structure of leptin is well preserved, the poor primary sequence conservation between mammalian and fish leptins (Gorissen et al. 2009 ), and the multiple leptin paralogues demonstrated in teleosts may underly such a variety of different functional properties. Nevertheless, a broader physiological role for leptin beyond nutritional status signalling is currently accepted in fish (van de Pol et al. 2017 ). An interplay between leptin and insulin is described in mammals (Deck 2017 , Hussain & Khan 2017 , where this peptide meets the criteria to be an adiposity signal, conveying fat store information to the brain, with anabolic functions at the periphery and catabolic effects in the hypothalamus (Havel 2001) . The anorexigenic action of insulin and its mechanism of action are clear in mammals, whereas in fish, differences occur between species , van de Pol et al. 2017 .
Hedonic regulation
Both homeostatic and hedonic/motivational neurocircuits are triggered during feeding but activation level may shift depending on the type of food and/or the physiological state of the animal (Rossi & Stuber 2017) . Overlapping of these neuronal pathways provides an anatomical basis to the food preference/indifference according to the energy status (Castro et al. 2015 , Rossi & Stuber 2017 . Projections from LH to VTA and subsequent innervation to subpallial areas constitute a part of the key neuronal circuitry regulating reward processes in vertebrates. Therefore, NAc and ventral pallidum are recipient hotspots with special roles in mediating the hedonic impact 'liking' and motivational incentive salience 'wanting' of food rewards. The interactions of these subpallial structures with LH permit regulatory hunger/satiety modulation of food motivation and reward (Nogueiras et al. 2012 , Castro et al. 2015 , Tyree & de Lecea 2017 . The mesolimbic dopamine system has long been involved as a key player of goal-directed behaviour including feeding (Palmiter 2007) and the importance of the SNc/VTA projections to subpallial areas (NAc, CPu and dorsal striatum) has been underlined in mammals (Hnasko et al. 2006 , Rossi & Stuber 2017 . The involvement of dopamine in food reward relates to incentive motivation of feeding ('wanting') since mice unable to produce dopamine die by starvation (Zhou & Palmiter 1995) . Some other hormonal systems encoding body energy status like leptin, insulin, GHRL and glucocorticoids are also able to modulate dopaminergic mesolimbic pathways in a clear example of homeostatic and hedonic/motivational pathway overlapping (Palmiter 2007 , Volkow et al. 2011 , Rossi & Stuber 2017 . These results sharply differ from those reporting an inhibitory effect on feeding levels when dopamine is administrated in the perifornical hypothalamic area (Leibowitz & Rossakis 1979) . Therefore, dopamine signalling in the hypothalamus exhibits inhibitory effects but, in contrast, mesostriatal dopamine is essential for feeding in mammals (Palmiter 2007) . Studies focusing on hedonic regulation of feeding behaviour and particularly dopamine effects on food reward circuitry in fish are very limited. Thus, in sea bass, oral administration of L-DOPA severely inhibits food intake (Leal et al. 2013) , whereas in goldfish, i.c.v. administration of dopamine receptor agonists inhibit food intake (de Pedro et al. 1998 ). These effects are consistent with the hypothalamic effects of dopaminergic signalling which together with the resemblances between dopaminergic ascending pathways in the mammalian and teleost brain (Yamamoto et al. 2011) suggests the involvement of dopaminergic system in the motivational regulation of feeding in fish. Results from self-feeding experiments carried out in fish can be used to provide information regarding this issue (Geurden et al. 2007 , Rubio et al. 2008 , Leal et al. 2009 , Attia et al. 2012 , Klaren et al. 2013 . A recent study (Soares et al. 2017) reported that dopamine disruption contributes to shift the attribution of motivational incentive from the predictive cue towards the actual experimental reward, the food. This result supports the dopaminergic role in the motivational aspects of food intake in fish but more research is required to support such a hypothesis.
The opioid system plays an important role in neural reward processes as the opioid receptor antagonists attenuate appetite for palatable food (Nogueiras et al. 2012) . Unfortunately, the effect of opioids on feeding behaviour in fish has been scarcely asssessed. Thus, central administration of β-endorphin stimulates food intake in goldfish, whereas naloxone prevents opioid effect on feeding (de Pedro et al. 1995a,b) . Similarly, endocannabinoids such as 2-arachidonoylglycerol and anandamide (AEA) are able to modulate not only homeostatic hypothalamic systems but also the dopaminergic mesolimbic circuitry thus affecting reward R181 60 4 : J L Soengas et al.
Review on food intake regulation in fish Journal of Molecular Endocrinology systems (Lau et al. 2017) . Available studies showed that AEA regulates feeding levels (Valenti et al. 2005 , Piccinetti et al. 2010 ) but again there are no studies on reward systems.
Nutrient signalling
The detection of changes in nutrient levels in vertebrate brain is an essential process involved in the regulation of food intake and energy expenditure (Berthoud & Morrison 2008 , Blouet & Schwartz 2010 , Morton et al. 2014 . Accordingly, several mechanisms are present in brain areas, especially hypothalamus to detect changes in the levels of glucose, fatty acids and amino acids, as partially demonstrated in mammals (Efeyan et al. 2015) and to a lesser extent in fish (Soengas 2014 , Conde-Sieira & Soengas 2017 .
Glucose
In mammals, the detection of changes in glucose levels by glucosensing mechanisms results in regulatory responses including food intake (Marty et al. 2007 , Steinbusch et al. 2015 . Accordingly, reduced glycaemia increases food intake, whereas enhanced glycaemia decreases food intake (Morton et al. 2014 , Ogunnowo-Bada et al. 2014 . Despite fish being considered glucoseintolerant species (Polakof et al. 2011b , a control of glucose levels exists in tissues relying on glucose such as the brain . Accordingly, decreased food intake occurred in fish fed with a carbohydrateenriched diet (Narnaware & Peter 2002 , Polakof et al. 2008b ,c, Saravanan et al. 2012 , Castro et al. 2015 , Xu et al. 2018 or after hyperglycaemic treatments (Ruibal et al. 2002 , Polakof et al. 2007 , 2008a , Conde-Sieira et al. 2010a . Furthermore, increased food intake occurred in fish-fed diets with reduced levels of carbohydrates (Sánchez-Muros et al. 1998 , Capilla et al. 2003 , Polakof et al. 2008b or after hypoglycaemic treatments (Polakof et al. 2007 , 2008a , Conde-Sieira et al. 2010a . Several glucosensing mechanisms have been suggested in mammals (Fig. 5) . The best known is that mediated by glucokinase (GK) (Marty et al. 2007 , Polakof et al. 2011b , Efeyan et al. 2015 , Steinbusch et al. 2015 . Glucose taken up by glucose facilitative carrier type 2
Figure 5
Schematic drawing with a model of processes involved in glucose sensing in hypothalamus of mammals and fish. Dotted symbols, unknown in fish; black thick line, demonstrated activation; black thin line, partially demonstrated activation; grey thick line, demonstrated inhibition; grey thin line, partially demonstrated inhibition; AMPK, AMP-activated protein kinase; ChREBP, carbohydrate-responsive element-binding protein; ER, endoplasmic reticulum; K + ATP , inward rectifier ATP-dependent K + channel; GK, glucokinase (hexokinase IV); GLUT2, facilitative glucose carrier type 2; IP 3 , inositol 1,4,5-triphosphate; PLC, phospholipase C; MCT, monocarboxylate carrier; SGLT-1, sodium/glucose co-transporter 1; ROS, reactive oxygen species; T1R2, type 1 taste receptor subunit 2; T1R3, type 1 taste receptor subunit 3; UCP2, uncoupling protein 2; VDCC, L-type voltage-dependent calcium channel; Vm, membrane potential.
(GLUT2) is phosphorylated to glucose 6-phosphate by GK, and then metabolized through glycolysis to increase intracellular ATP/ADP ratio. This induces closure of ATPdependent inward rectified potassium channel (K + ATP ) resulting in membrane depolarization and subsequent entry of calcium into the cell. There is also evidence in mammals for GK-independent glucosensing mechanisms. These include (1) enhanced expression of liver X receptor (LXR) (Mitro et al. 2007 , Kruse et al. 2017 ), (2) activation of intracellular signalling cascade by sweet taste receptors (Herrera Moro Chao et al. 2016 , Kohno 2017 , (3) enhanced expression of sodium/glucose co-transporter 1 (SGLT-1) (González et al. 2009 , Thorens 2012 ) and (4) increased expression of uncoupling protein 2 (UCP2) in response to mitochondrial production of reactive oxygen species (ROS) (Beall et al. 2010 , Diano & Horvath 2012 . Evidence obtained in recent years also supported the presence in fish hypothalamus of comparable glucosensing mechanisms (Fig. 5 ) based on GK (Conde-Sieira & Soengas 2017), LXR and sweet taste receptor (Otero-Rodiño et al. 2015a , Balasubramanian et al. 2016 . Despite the reduced importance of glucose metabolism in fish , the presence and functioning of central glucosensing mechanisms is comparable to that described in mammals. However, important topics, such as the electrophysiological response of hypothalamic neurons to glucose, the role of carbohydrate-responsive element-binding protein (ChREBP) or the signalling pathway of sweet taste receptors are still unknown in fish. Furthermore, the functioning of glucosensing neurons relates in mammals to the presence of an astrocyte-neuron lactate shuttle (Pellerin & Magistretti 2012) for which no clear evidence is available in fish (Polakof & Soengas 2008 , Otero-Rodiño et al. 2015b .
Fatty acids
Lipids are major nutrients in fish supporting many different processes (Sheridan 1994 , Tocher 2003 , Polakof et al. 2010 . In a way comparable to mammals (Morton et al. 2014 ), a decrease in food intake usually occurred in fish fed a lipid-enriched diet (Silverstein et al. 1999 , Williams et al. 2006 , Figueiredo-Silva et al. 2012b , Bonacic et al. 2016 , with high levels of fatty acid in plasma (Luo et al. 2014) or with large lipid stores (Shearer et al. 1997 , Silverstein et al. 1999 , Johansen et al. 2002 , 2003 . Recent studies in rainbow trout showed a decrease in food intake after administration of oleate or octanoate (Librán-Pérez et al. 2012 , Velasco et al. 2016a . The effect of oleate but Review on food intake regulation in fish Journal of Molecular Endocrinology not octanoate is comparable to that reported in mammals (López et al. 2007 , Hu et al. 2011 . Mammalian hypothalamus detects changes in the levels of specific long-chain fatty acids (LCFA) through fatty acid-sensing mechanisms (López et al. 2007 , Magnan et al. 2015 (Fig. 6) . The detection of raised LCFA levels occurs through (1) increased levels of malonyl-CoA inhibiting carnitine palmitoyl transferase-1 (CPT-1) then avoiding mitochondria to import fatty acid-CoA for oxidation, (2) increased capacity of fatty acid translocase (FAT/CD36), (3) activation of specific isoforms of protein kinase C resulting in the inhibition of K + ATP , (4) increased capacity of mitochondria to produce ROS inhibiting K + ATP , (5) enhanced lipoprotein lipase (LPL) activity and (6) enhanced activity of G-protein-coupled receptors 40 (GPR40) and 120 (GPR120). Available studies in fish (Fig. 6 ) support the presence of comparable fatty acidsensing mechanisms in hypothalamus of rainbow trout (Librán-Pérez et al. 2012 , Velasco et al. 2016a , Senegalese sole (Conde-Sieira et al. 2015) , and grass carp , Gong et al. 2017 . However, there are two clear differences when comparing fish and mammals. The first is the ability of fish to detect changes in the levels of medium-chain fatty acid (MCFA) like octanoate. This ability might relate to the relative high abundance of MCFA in body lipids (Davis et al. 1999 , Trushenski 2009 ) and/or the high capacity for MCFA oxidation (Figueiredo-Silva et al. 2012a) , in contrast to mammals (Ooyama et al. 2009 ). The second difference is fish capacity to respond to changes in the levels of specific polyunsaturated fatty acid (PUFA) of the n-6 and particularly n-3 series as demonstrated in Senegalese sole (Conde-Sieira et al. 2015) in contrast with the lack of response in mammals (Schwinkendorf et al. 2011 , Greco et al. 2014 . This difference might relate to the importance of n-3 PUFA in fish diets (Sargent et al. 2002) and tissues (Mourente & Tocher 1992 , Tocher 2003 . Despite achievements of recent years in fish, additional research is necessary to assess among others the putative role of PKC, GPR40 and GPR120, as well as the electrophysiological response of neurons to the presence of fatty acids.
Amino acids
The metabolic regulation of food intake induced by changes in levels of amino acids is largely unknown in mammals (Laeger et al. 2014) . Only essential amino acids are involved in food intake regulation, specifically through sensing of specific branched-chain amino acids (BCAA) such as leucine (Duan et al. 2016 , Heeley & Blouet 2016 ) whose increased levels inhibit food intake (Blouet & Schwartz 2012 , Morrison et al. 2016 ). This process occurs through not completely understood mechanisms (Fig. 7) , based on (1) activation of BCAA metabolism (Morrison & Laeger 2015) , (2) activation of glutamine metabolism (Jewell & Guan 2013) , (3) activation of mechanistic target of rapamycin (mTOR) (Cavanaugh et al. 2015 , Hu et al. 2016 ) and/or inhibition of AMP-activated protein kinase (AMPK) signalling (Fromentin et al. 2012 ), (4) umami taste receptor signalling (Wauson et al. 2012 ) and (5) sestrin 2 activation (Wolfson & Sabatini 2017) . The response is specific since another BCAA such as valine does not elicit activation of these systems or changes in food intake (Fromentin et al. 2012) . Furthermore, the deficiency in essential amino acids (including BCAA) enhanced food intake through an amino acid-sensing system mediated by general control non-derepressible 2 (GCN2) kinase (Maurin et al. 2014 , Morrison & Laeger 2015 .
Having high dietary protein requirements, teleost fish are strongly dependent on dietary protein/amino acid levels (Wilson 1986 ). For instance, amino acids are the preferred carbon source for lipogenesis instead of glucose (Dai et al. 2016) in contrast to mammals (Blouet et al.
Figure 7
Schematic drawing with a model of processes involved in amino acid sensing in hypothalamus of mammals and fish. Dotted symbols, unknown in fish; black thick line, demonstrated activation; black thin line, partially demonstrated activation; grey thick line, demonstrated inhibition; grey thin line, partially demonstrated inhibition; AMPK, AMP-activated protein kinase; ATF4, activatory transcription factor 4; BCAA, branchedchain amino acid; eIF2α, eukaryotic initiation factor 2α; ER, endoplasmic reticulum; GCN2, general control non-derepressible 2 kinase; K + ATP , inward rectifier ATP-dependent K + channel; IP 3 , inositol 1,4,5-triphosphate; LAT-1, l-amino acid transporter 1; mTOR, mechanistic target of rapamycin; PLC, phospholipase C; SNAT2, system A amino acid transporter 2; T1R1, type 1 taste receptor subunit 1; T1R2, type 1 taste receptor subunit 2; T1R3, type 1 taste receptor subunit 3; VDCC, L-type voltage-dependent calcium channel; Vm, membrane potential.
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). Accordingly, diets high in amino acids/protein inhibit food intake, whereas poor diets stimulate food intake (Suárez et al. 2002 , Skiba-Cassy et al. 2013 . A recent study (Comesaña et al. 2018 ) demonstrated decreased food intake in fish i.c.v. treated with leucine, which can be associated with the presence of putative amino acidsensing systems in hypothalamus, dependent on BCAA metabolism, glutamine metabolism, mTOR, umami taste receptors and GCN2 signalling (Fig. 7) . These responses are comparable to those characterized in mammals (Hu et al. 2016 , Heeley & Blouet 2016 with the exception of the type of subunits involved in umami taste signalling. Nevertheless, contrary to mammals, valine had a clear orexigenic effect in parallel with changes in amino acid sensing in telencephalon but not in hypothalamus (Comesaña et al. 2018) . Compared with the other nutrients, the research on amino acid sensing is rather preliminary in fish, and important topics are unknown such as the role of sestrin 2, the signalling pathway of umami taste receptors, the carriers involved in amino acids uptake or the electrophysiological responses to the presence of amino acids. Considering the high importance of amino acids for fish metabolism, the existence of fish-specific unknown features of amino acid sensing compared with mammals is a reasonable hypothesis.
Other signalling
Rhythms
The cyclic changes of food resources provided a selective pressure for the emergence of food intake daily rhythms and seasonal feeding/fasting cycles in most vertebrates. Whether feeding circadian rhythms are endogenously regulated or just passive responses to the food availability is still under discussion, but many studies demonstrate that feeding cycles are entrained endogenously to anticipate and respond to predictable changes of food availability (López-Olmeda & Sánchez-Vázquez 2010) . Underlying rhythms in food intake, there is a timekeeping system that includes molecular clocks located in both brain and peripheral organs synchronized by cyclic environmental changes. Early studies demonstrate in rodents that the lightentrainable master clock within the circadian timekeeping system in mammals, the hypothalamic suprachiasmatic nucleus (SCN), is a functional clock necessary for the circadian expression of feeding behaviour (Nagai et al. 1978 , Turek et al. 2005 , and interactions between food anticipation and this master clock have been described (Blum et al. 2012) . However, other clocks located in brain and peripheral organs, and not the SCN, appear to be the site of entrainment for food-derived cues (Feillet et al. 2006 ). In fact, feeding time produces phase-shifts of circadian clocks located not only in the liver and other peripheral organs (Stokkan et al. 2001 , Mendoza & Challet 2009 , Bae & Androulakis 2017 , but also in mammalian brain regions involved in energy homeostasis, such as the hypothalamic PVN and ARC nuclei (de Araujo et al. 2016) . In fish, where the circadian system is organized as multiple federated oscillators widely distributed through the organism (Moore & Whitmore 2014 , mealtime resets the circadian expression of clock genes rhythms in some peripheral organs such as liver, gut and interrenal tissue (Feliciano et al. 2011 , Sánchez-Bretaño et al. 2015 .
The food anticipation is manifested by food anticipatory activity, i.e. the increase in food-seeking activity in anticipation of mealtime when food access is restricted to a daily schedule (Stephan 2002) . This food anticipatory activity, observed in mammals (Mistlberger 2011 ) and fish (Aranda et al. 2001 , Vera et al. 2007 ) is independent of SCN and provides evidence of the key role played by mealtime in the synchronization of circadian system (Stephan 2002) . A food-entrainable oscillator (FEO) is required to drive the entrainment of physiological and behavioural rhythms in response to food intake schedule, but remains unidentified (Blum et al. 2012 , Carneiro & Araujo 2012 . Some studies suggest that such FEO may reside in a network of pacemakers, and neural and endocrine factors would participate in conveying peripheral metabolic information to the brain for the generation of food entrainment (Mendoza et al. 2010 , Acosta-Galvan et al. 2011 . Recent studies (Delezie et al. 2016) show that Rev-Erbα, a nuclear receptor expressed rhythmically in the SCN and peripheral clocks, involved in the regulation of glucose and lipid metabolism (Everett & Lazar 2014) , is required for neural network-based prediction of food availability. Moreover, Rev-Erbα seems to modulate hypothalamic orexinergic system to influence food reward behaviour in mice (Feillet et al. 2017) , highlighting the molecular link among circadian rhythms, metabolism and feeding behaviour. Some hormones that participate as internal synchronizers may also provide signals to inform central oscillators about the timing of food intake. In this sense, orexigenic afferent pathways of the FEO have been considered to promote food anticipatory activity (Feillet et al. 2006 ) and orexigenic neurons are controlled by the circadian system (Blasiak et al. 2017) . In fish, orexins play a role in the crosstalking between orexigenic peptides, as GHRL and NPY, and act as an input to the circadian system, synchronizing locomotor activity rhythms in the absence of external zeitgebers (Nisembaum et al. 2014) . GHRL in both mammals and fish is a promoting factor in the generation of the food anticipatory activity and regulates clock genes expression at peripheral organs then considered as an input of the circadian system (LeSauter et al. 2009 , Sánchez-Bretaño et al. 2015 . Finally, the daily release of glucocorticoids is one of the most robust endocrine outputs of the circadian system anticipating feeding in both diurnal and nocturnal animals (Spiga et al. 2014) . Thus, glucocorticoids are good candidates to communicate metabolic information from the periphery into the brain, and this is a conserved role in the functional organization of the peripheral circadian system in vertebrates (Sánchez-Bretaño et al. 2016 . The presence in mammals of glucocorticoid response elements in the promoters of the core clock genes supports the entrainment of peripheral clocks by these hormones (Yamamoto et al. 2005 , Reddy et al. 2007 , Schibler et al. 2015 . In fish, such responsive elements remain unexplored, but certain clock genes are targets for glucocorticoids in the regulation of a peripheral oscillator highly sensitive to feeding entrainment, as the liver (Sánchez-Bretaño et al. 2015 . These clocks located in metabolic organs, such as the liver, and reset by feeding cues, play a key role for the integration of systemic and nutritional signals provided by the feeding/ fasting cycle.
Stress
The hypothalamic-sympathetic chromaffin cells (HSC) and the hypothalamic-pituitary-interrenal (HPI, the equivalent of the hypothalamic-pituitary-adrenal axis or HPA) axes mediate the stress response in fish. Similar to the HPA, HPI begins with the synthesis of CRF in the POA or PVN and culminates with the production of cortisol, the main fish glucocorticoid. Preoptic CRF neurons modulate corticotropic cell activity in the pituitary to stimulate POMC production that is next processed to adrenocorticotropic hormone (ACTH). Subsequently, ACTH reaches interrenal tissue where it binds to melanocortin 2 receptor (MC2R), in the presence of melanocortin receptor accessory protein 1 (MRAP1), to promote cortisol synthesis and release (Cerdá-Reverter et al. 2011 . An increase in glucocorticoid levels in plasma is one of the most evolutionary conserved stress responses in vertebrates and mediates many effects of stress including food intake (Wenderlar Bonga 1997) .
A common response in fish to acute stress is the immediate reduction of food intake levels, which recovers after stressful conditions cease (Leal et al. 2011 , Guillot et al. 2016 . A similar response induced by stress and/or exogenous glucocorticoids can be observed in rodents but not in humans (Hewagalamulage et al. 2016) . In fish, the stress-induced feeding response can be replicated by sustained administration of cortisol (Gregory & Wood 1999 , Bernier et al. 2004 , Leal et al. 2011 but lower cortisol doses have been shown to stimulate food intake in goldfish (Bernier et al. 2004) . Cortisol treatment is able also to regulate the interrenal expression of MC2R (Agulleiro et al. 2013a) suggesting the existence of a negative short-loop feedback that can modulate the sensitivity to ACTH. Central administration of CRF inhibits food intake in several fish species, whereas acute and sustained stressful conditions stimulate CRF expression in the POA/PVN (Bernier 2006) . It is therefore conceivable that CRF can mediate the anorectic effects of stress in fish. However, experiments in rainbow trout have shown that exogenous cortisol inhibits preoptic/PVN expression of CRF and NPY but do not prevent the stimulation of neuropeptide expression under stress, suggesting that the responsiveness to acute stressors is maintained under chronic stress (Bernier 2006) . This suggests that the fish neural system involved in the control of food intake is responsive to increased plasma cortisol levels but factors other than NPY and CRF mediate the anorexic effects of cortisol in a more significant manner (Doyon et al. 2006) . Studies in zebrafish demonstrated that ACTH can bind MC4R in the presence of MRAP2a, a paralogue gene of MRAP1 (Agulleiro et al. 2013b) . Peripheral administration of ACTH inhibits food intake in zebrafish, but this effect depends on the presence of a functional MC4R (Agulleiro et al. 2013b ). The MC4R is widely expressed in the central feeding centre in fish (Cerdá-Reverter et al. 2003a ) and its central signalling seems to be critical in the control of food intake in fish (Cerdá-Reverter & Peter 2003 , Cerdá-Reverter et al. 2003a . Therefore, ACTH binding to MC4R provides a functional substrate for a direct link between the stress axis (ACTH) and the central system controlling food intake (MC4R).
Brain integration and food intake response
Neuronal populations in ARC respond to a rise in circulating levels of glucose, fatty acid or amino acid with a depolarization (AgRP/NPY neurons) resulting in decreased AgRP and NPY expression, or with a hyperpolarization (CART/POMC neurons) resulting in Journal of Molecular Endocrinology enhanced coexpression of CART and POMC (Schwartz et al. 2000 , Levin et al. 2004 , Mobbs et al. 2005 , Fioramonti et al. 2007 ). These populations also inhibit each other producing signals to higher-order neurons in PVN, lateral hypothalamus, ventromedial nuclei and dorsomedial nuclei producing neuropeptides like orexin, MCH, thyrotropin-releaseing hormone or corticotropinreleasing hormone (Blouet & Schwartz 2010 , Morton et al. 2014 . All these changes ultimately result in changes in food intake.
In fish, NPY and POMC neurons are present in NLTv. These neurons connect to other neurons in NPO and presumably other areas like NLTc, NAT or NLTd whose production of neuropeptides is still not well defined. Aditionally, the position of these nuclei with respect to NLTv differs from that in mammals since some of those nuclei locate outside the hypothalamic area. Neuropeptide expression relates to food intake control since feeding status change mRNA abundance of neuropeptides (Volkoff 2016 . In brain areas producing NPY and POMC, histochemical studies in rainbow trout support the presence of proteins involved in nutrient sensing such as GK (Polakof et al. 2009 ) suggesting a functional relationship between nutrient sensing and neuropeptides (Fig. 4) . Accordingly, the rise in fish of levels of nutrients like glucose, oleate, octanoate, PUFA or leucine result in general in decreased NPY/AgRP mRNA abundance, increased mRNA abundance of POMC/CART and decreased food intake, whereas the fall in nutrient levels increased NPY/AgRP mRNA abundance, decreased POMC/CART mRNA abundance and increased food intake (Conde-Sieira & Soengas 2017 , Comesaña et al. 2018 .
The mechanisms linking nutrient-sensing systems with expression of neuropeptides are mostly unknown even in mammals. Changes in the expression of neuropeptides might result from modulation by forkhead boxO1 (FoxO1), phosphorylated cAMP responseelement-binding protein (CREB) and/or brain homeobox transcription factor (BSX) . The actions of these factors would result in the enhancement of CART and POMC expression and the inhibition of AgRP and NPY expression (López et al. 2007 . However, it is not clear how transcription factors might relate to nutrient-sensing systems. Several possibilities have been suggested in mammals (López et al. 2007 , Gao et al. 2013 , Morton et al. 2014 , Abdul-Wahed et al. 2017 , López 2017 including modulation by malonyl-CoA, CPT-1, AMPK, mTOR, protein kinase B (Akt) or ChREBP. In fish, recent studies carried out in rainbow trout hypothalamus addressed for the first time this topic. The activation of glucosensing (Otero-Rodiño et al. 2017) or fatty acid sensing (Velasco et al. 2017 ) by glucose, oleate or octanoate resulted in Akt and mTOR activation and AMPK inhibition. Moreover, changes in these proteins would relate to neuropeptide expression through changes in the phosphorylation status of CREB and FoxO1. These results are comparable to those suggested in mammals for glucose and oleate but not for octanoate (Belgardt et al. 2009 , Blanco de Morentín et al. 2011 . The activation of amino acid-sensing mechanisms by leucine elicited comparable changes in Akt and AMPK but not in transcription factors (Comesaña et al. 2018 ) thus reflecting the different metabolic importance of amino acid metabolism between fish and mammals. However, the precise mechanisms involved in these mechanisms, as well as the role of BSX still need evaluation.
In mammals, NPY/AgRP and POMC/CART neurons involved in integration of nutrient signals possess receptors for hormones like insulin, leptin, GHRL or CCK among others (Blouet & Schwartz 2010 , Morton et al. 2014 . The binding of these hormones elicits changes in molecules involved in intracellular signalling like AMPK, mTOR, etc. Therefore, the final effect on neuropeptide expression results from the joint action of nutrients and hormones on signal transduction. This interaction is characterized in a few cases in mammals, such as the effects of GHRL or leptin on hypothalamic fatty acid-sensing mechanisms (López et al. 2007 , Blanco de Morentin et al. 2011 . In fish, only a recent study addressed interactive effects of fatty acid-sensing mechanisms and GHRL in rainbow trout hypothalamus (Velasco et al. 2016a ) displaying different interactions than those described in mammals. No information is available in fish for other putative interactions between hormones and nutrient-sensing systems. Considering however the effects described for several hormones on glucose (insulin, leptin, ghrelin, GLP-1 or CCK) and fatty acid (GHRL, insulin)-sensing capacity in rainbow trout hypothalamus (Conde-Sieira & Soengas 2017), the interaction between them on cellular signalling and transcription factors is likely, and might also be different than that characterized in mammals. Figure 8 displays the knowledge regarding integrative pathways in fish and mammals.
Conclusions
It is important to emphasize that in such heterogeneous group like teleost fish, resulting of millions of years of evolution, only several of the groups have been studied in some detail including cypriniformes, pleuronectiformes, salmoniformes and perciformes. The amount of studies in other orders is reduced or simply inexistent. Even in those groups studied in some detail, the existing knowledge refers basically to neuroendocrine signalling. Therefore, it is not possible to suggest clear evolutive trends within teleost fish regarding food intake control. The comparison of two groups of vertebrates separated by millions of years of phylogenetical divergence like teleost fish and mammals displays interesting similarities and differences. The similarities clearly indicate how important regulation of food intake is since most (if not all) mechanisms that emerged in the fish are still present in mammals. These include the presence of specific integrative areas in hypothalamus, the influence of nutrients and hormones and the effects of rhythmicity or stress. The differences can be grouped into two different categories. The first category includes processes relatively well studied in fish for which several differences arise, which might relate to specific fish features regarding anatomy, and hormone and nutrient signalling among others. A second category includes those processes whose information is very limited in fish precluding to elaborate clear hypothesis such as for instance the mechanisms involved in the hedonic control of food intake.
Anatomically, fish brain is different from that of mammals and this clearly includes those areas involved in food intake control. In the homeostatic regulation of food intake is quite probable that nuclei homologous to those present in mammals be present in fish, but their specific locations are rather different. For instance, the connections between fish NLTv (homologous of mammalian ARC) and higher-order neurons presumably differ from those in mammals. These differences might contribute to functional differences in the way nuclei are working together not assessed yet. In the hedonic regulation of food intake, the similarities between brain areas putatively involved (fish telencephalon and mammalian forebrain) are more evident. However, the knowledge regarding their function is very limited. The use of zebrafish as a model in the study of the central nervous system development as well as available genomic tools offer promising opportunities for the use of fish as model in the study of brain homologies.
The hormonal systems involved in the modulation of central control of food intake are basically the same both in teleosts and mammals, suggesting a high degree Journal of Molecular Endocrinology of conservation through vertebrate evolution. The amount of available studies for some hormones in fish is not high enough to carry out proper comparisons, such as the case of glucagon family peptides, insulin or endocannabinoids. In several neuroendocrine systems studied with certain detail in fish, their effects on food intake were in general comparable to those in mammals, such as for NPY, melanocortin system or CCK. However, important differences arise when comparing other relatively well-known hormones in fish such as the case of leptin, orexins, MCH, galanin, CART or GHRL, among others. In some cases, the differences vs mammals are restricted to specific fish taxons but in others attain to all teleosts studied so far. However, teleost additional round(s) of gene duplication might be responsible for some of these differences due to functionalization of additional transcripts, but the differences in GIT function, dietary habits and metabolism are also probably major candidates to explain part of those differences. The divergent metabolic features between fish and mammals reflect only in several of the mechanisms involved in the control of food intake mediated by nutrient signalling. This is indicative of how important and preserved the homeostatic regulation of food intake is in vertebrates. There are however important differences in nutrient signalling between both groups. Since fish is the most primitive group, it is tempting to speculate that the importance of amino acid-sensing signalling decreased through evolution in favour of a higher importance of glucose signaling, whereas fatty acid sensing would be comparable between groups (with differences related to fatty acid composition). However, the still limited available evidence in fish (especially regarding amino acid sensing) precludes the formulation of clear hypothesis regarding this issue. Furthermore, almost all available studies in nutrient signalling relate to homeostatic regulation of food intake. A possible involvement of these mechanisms in hedonic regulation of food intake is likely, and this will be probably more important again for amino acids (Morais 2017) . In this way, preliminary data obtained in rainbow trout suggest that amino acid-sensing systems in rainbow trout telencephalon are involved in reward mechanisms (Comesaña et al. 2018) .
The knowledge regarding hypothalamic integration of metabolic, endocrine and circadian information to elicit changes in neuropeptide expression is still limited in fish . The few available studies in fish (basically carried out in rainbow trout) pointed to a network comparable to that known in mammals formed by metabolic sensors like AMPK, proteins involved in cellular signalling and transcription factors. However, the precise mechanisms involved, as well as their interaction with hormones modulating food intake, is an open field of research.
As a whole, the still limited information available in fish compared with mammals regarding central control of food intake do not allow us to clearly define evolutionary changes in all aspects concerned, and this also applies to evolutive changes within the teleostean infraclass. In general, the components of mechanisms are basically the same though the way in which they interact is probably different. We can make a simile related to the construction of houses. With the same bricks (components) we can make a house (central control of the intake) but the bricks can be placed in different ways (fish vs mammals). The final result is in both cases a house to live, but it is likely that the appearance of the houses be very different. Ongoing research will provide information about locations and interactions of those bricks.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of this review.
Funding
This work did not receive any specific grant from any funding agency in the public, commercial, or not-for-profit sector. 
